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s t a n d i n g  04 communication channels  and sources  and t o  u s e  t h i s  

unders tanding  i n  t h e  development o f  r e l i a b l e ,  e f f i c i e n t  communication 

techniques.  r 

1. Convolut ional  Codes and Thei r  Decoding Techniques 

Fur ther  r e s u l t s  have been achieved i n  t h e  error performance 

Summary of  Research 

(Nov. 1, 1966, - ApriL 30, 1967) 

corresponding exponent f o r  block codes. The new resul ts  ( 2 )  show t h a t  

t h e  same express ion  i s  v a l i d  fo r  a sys t ema t i c  code i f  N i s  taken  a s  

1+Lm where L i s  t h e  c o n s t r a i n t  l eng th  i n  information.  symbols and m i s  

t h e  nuabei- of check d i g i t s  pez in format ion  symbol ( f o r  t h e  nonsystem- 

a t i c  code, ?; would be ( m + l ) L ) .  Wark i s  p rogres s ing  t o  f i n d  o u t  i f  

t h e  sairte r e s u l t  &s  v a l i d  f o r  s e q u e n t i a l  decoding and i f  an analogous 

r e s u l s  ho lds  when d i f f e r e n t  check d i g i t s  have d i f f e r e n t  c o n s t r a i n t  

l e n g t h s .  

t h e  e f f e c t  o f  e r r o r  propagat ion i n  s e q u e n t i a l  decoding. 

These q u e s t i o n s  a r e  r e l e v a n t  i n  s t u d i e s  o f  how to  ame l io ra t e  

The technique of  semide f in i t e  decoding, proposed by one of 
t h e  i n v e s t i g a t o r s  a s  a method of  making p a r t i a l  u s e  of p rev ious  

decoding dec is ions  i n  a way t h a t  avoids  t h e  p o s s i b i l i t y  of  i n f i n i t e  

propagat ion  o f  a decoding e r r o r ,  h a s  been s imulated f o r  a b i n a r y  

s y m e t r i c  channel  by L. A .  F r a ~ c o ( ~ ) .  

t h e  c l a s s e s  o f  codes s tud ied ;  namely t h e  uniform codes,  t h e  s e l f -  

o r c h o p n a l  coc5es, and t h e  Massey t r i a l - a n d - e r r o r  codes; t h e  average 

The s imula t ion  showed t h a t  for 
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1 decoding e r r o r  p r o b a b i l i t y  was e s s e n t i a l l y  a monotonically dec reas ing  

f u n c t i o n  o f  t h e  nuixber of s emide f in i t e  decoding s t a g e s .  This  prob- 

ab i l i t j (  approaches i t s  m i n i x u  a s  t h e  s e m i d e f i n i t e  decoder approaches 

t h e  convent iona l  feedback deco6er. T h i s  s imu la t ion  sugges t s  t h e  

g e n e r a l  o p t i m a l i t y  of  feedback decoding f o r  a w i d e  c l a s s  of  codes and 

channels  and t h e  p o s s i b l e  u s e  of  t h e  concept  of  s e m i d e f i n i t e  decoding 

a s  an a n a l y t i c a l  t o o l  t o  e s t a b l i s h  t h i s  o p t i m a l i t y .  

Iiesearch h a s  continued i n t o  t h e  g e n e r a l  s tudy  of  error 
w propagat ion  i n  decoding convolu t iona l  codes. I t  h a s  been found t h a t  

c l a s s e s  of convo lu t iona l  codes e x i s t  wi th  p a r t i c u l a r l y  n a s t y  error 
propagat ion  c h a r a c t e r i s t i c s .  I n  p a r t i c u l a r ,  t h e r e  e x i s t  c l a s s e s  of  

codes which a r e  n e a r l y  op t ima l  from the  p o i n t  of  view o f  e r r o r  corr- 

e c t i o n  i n  t h e  absence of p a s t  decoding errors t h a t  can be d r i v e n  i n t o  

a propagat ion  cond i t ion  by a bad " b u r s t "  of channel  n o i s e  and w i l l  

cont inue  i n  t h e  propagat ion  cond i t ion  u n t i l  d r i v e n  therefrom by another  

bad " b u r s t "  of  channel  no ise .  Study of  t h e s e  codes h a s  led t o  the 

f o r m a l i z a t i o n  o f  t h e  concept of "pseudo- l inear i ty"  €or convo lu t iona l  

decoders .  This  concept  h a s  proved u s e f u l  i n  s tudy ing  e r r o r  propagat ion.  

I n  connect ion with t h e  i n v e s t i g a t i o n  of error -propagat ion,  . 

r e s e a r c h  was undertaken i n t o  the  c h a r a c t e r i s t i c s  of  d e f i n i t e  decodinq, 

i .e. of decoding convo lu t iona l  codes wi thou t  making any u s e  o f  p a s t  

decoding dec i s ions .  

e x i s t  Cixed codes o f  r a t e  R = % such t h a t  t h e  r a t i o  of  d e f i n i t e  

decoding miniinurn d i s t a n c e  t o  c o n s t r a i n t  l e n g t h  i s  a t  l e a s t  -034. 

This  r e s u l t  was e s t a b l i s h e d  using Gilbert-bound type  arguments by 

R. W. Kolor i4 ) .  Codes wi th  t h i s  d i s t a n c e - c o n s t r a i n t - l e n g t h - r a t i o  

p r o p e r t y  w e r e  known t o  e x i s t  p rev ious ly  on ly  €or t h e  i m p r a c t i c a l  t i m e -  

vary ing  convo lu t iona l  codes and o n l y  for  r a t e s  less than  R = + . 

Success  has  been achieved i n  showing t h a t  t h e r e  

W. Wilder h a s  completed t h e  t a s k  o f  proving a P lo tk in- type  

upper bounc for convo lu t iona l  codes ove r  an a r b i t r a r y  f i n i t e  f i e l d  

and wi th  a r b i t r a r y  code r a t e s ( 5 ) .  H i s  r e s u l t  shows f u r t h e r  t h a t  t h e  

'I, 



, same upper bound a p p l i e s  t o  the  class of  n o z l i n c a r  tree codes known 

a s  "complementary codes". Severa l  c l a s s e s  of codes t h a t  m e e t  the t 

'bound wi th  equa i i cy  have a l s o  been der ived .  - 

o n l y  by e l i m i n a t i o n  o f  one minor test  r equ i r ed  i n  t h e  l a t t e r .  The 

FSii s y n t h e s i s  approach c a s t s  a new i n t u i t i v e  l i g h t  i n t o  t h i s  l a t t e r  

procedure  and a l s o  s e e m s  w e l l  adzpted t o  c e r t a i n  o t h e r  problems i n  

2. Decoding BCH Codes 

I 

An i n v e s t i g a t i o n  h a s  bee:? made i n t o  a l g e b r a i c  methods f o r  

decoding t h e  Zose-Chaudhuri-Hocqcenghem (BCE)  cozes. It  was f i r s t  

r e a l i z e d  t h a t  t h e  major problem i n  decoding t h e  BCH codes,  namely 

, t h e  s o l u t i o n  f o r  t h e  e r r o r  l o c a t i o n s  from t h e  weiqhted power sum 

symmetric. func t ions ,  i s  formal ly  e q u i v a l e n t  t o  a problem of s h i f t -  

register s y n t h e s i s ,  i .e. f i n d i n s  the s h o r t e s t  l i n e a r  feedback-shif t -  

r e g i s t e r  ( F S R )  t h a t  can gene ra t e  a s p e c i f i e d  sequence of d i g i t s .  

An FSR s y n t h e s i s  a lgor i thm was develo2zd which s o l v e s  t h i s  problem 

i n  a s i m p l e  and e f f e c t i v e  manneri6'. 

procedure for  t h e  BCH codes, t h e  r'SR s y n t h e s i s  a lgor i thm becomes ess- 

I 

Wnen considered a s  a decoding 

e n t i a l l y  t h e  same a s  t h e  Berlekaz? " i t e r a t i v e  a lgor i thm" (7) # d i f f e r i n g  

I 

3 . O p t i c a l  Cormtunciation Channels 

The i n v e s t i g a t i o n  o f  optical channels  from t h e  vantage 

p o i n t  of  in format ion  and d e t e c t i o n  theo ry  has continued t o  focus 

upor, t h e  e f r ' e c t s  o f  atmospheric turbulence.  Experimental  s t u d i e s  of 

atmospheric  propagat ion have continued'8'.  A l s o ,  a channel  model 

a p p l i c a b l e  t o  "focused 'beams" has been developed beyond t h e  p o i n t  

. 

necessary  f o r  a communication a n a l y s i s  '9 . 
We have besun t o  s h i f t  our  emphasis from t h e  development o f  

O u r  p r i n c i p a l  conc lus ions  channel  models to t h e  s tudy  05 these models. 

t h u s  fzz  haV2 Seen t h a t ,  s u b j e c t  t o  soae reasonable  c o n s t r a i n t s ,  t h e  

presei tcs  of c ixosphez ic  turbulence  does  n o t  reduce t h e  channel  c a p a c i t y  

c h a t  would e;:ist i n  i t s  absence sild that, to be e f f i c i e n t ,  a r e c e i v e r  . 
! 



e . )  : m u s t  e q l o i t  kLz spz-z;s;~ d i v e r s i t y  ~ L L G  Is contained wi th in  t h e  

r e c e i v e r  z?zz ~ ~ 2 2  An a ~ a l y ' c i c a ;  development of  reasonably 

s imp 1 e r c c e 2 vz z s w:; 1 ch ex2loi; t h i s  d i v e r s i t y  is n o w  ir; progress .  

<LO) 

m*- ,..-ee -_ Gockora l  l e v e l  i:-ivestisasions have reached t h e  

pro2oszl skase  du r ing  t h e  p s s t  s i x  n~:c.-:hs- One of  t h e s e  i s  concerned 

WAG> tZle ap?liczk.ioz or' e s t i z a t i o n  t:---ory to %he problem of high  

r e s o l u t i o n  astronomy ( o r  surveil2ance.j  through t h e  t u r b u l e n t  atmosphere,. 

Preliminary r e s u l t s  sugges t  t h a t  s i g n i f i c a n t  g a h s  can be r e a l i z e d  
throcsi-. the Cata process ing  techrLques sugGested by estima'cion theo ry  (11) . 
The seco:id h.veseigaciGn p e r t a i n s  t o  t::e fundamentzl l i m i t a t i o n s  upon 

the t r a n s a i s s i o n  of  incormation 3y co;iainsd temporal and s 2 a t i a l  

modulation, e-s. Cy a scqcence 02 IIii-:lages." O f  p a r t i c u l a r  concern i s  

t h e  i n t e r p l a y  bskween t i m e  ba.ndwidth a p e r t u r e  s i z e ,  and background - 

. The reinaining inves-ciGation i s  d i r e c t e d  towards a fund- (1.2) n o i s e  

arnental examination of  t h e  r o l e  of  quantum theory  i n  communication 

The c e n t r a l  i s s u e  . i n  t h i s  i n v e s t i g a t i o n  i s  t h e  determin- (13) t heo ry  

a t i o n  of the l i m i t a t i o n s  imposed upor, reliable communication by quantum 

e f f e c t s  and a d e t e r n i n a t i o n  0 2  t he  r e c e i v e r s  & waveforms which a t t a i n  

t h e s e  limits e 

4. Coding Theorens 

A 2'n.D- t h e s i s  on t ne  t o p i c  of  p a r a l l e l  c h a n n e b w i t h  no 
c r o s s t a l k  b u k  with s t a t i s c i c a l l y  dependent n o i s e  has- completed (14) 

Kajor r e s u l z s  coacerncd -the adequacy of s t a t e  models €or  such  channels ,  

t h e  de te rx t ina ;hn  of ca;?acity,  ar,d the es t ab l i shmen t  of a coding 

theoren, P a r t i c u l a r  a t t e n t i o n  was given t o  t h e  asympta t ic  behavior  

of  the e r roz  c;.:?onent iil t h e  l i m i t  of  a l a r g e  number o f  p a r a l l e l  

chance is  a l l  i i?  L-ie sane s t a t e ,  

a b l e  t o  freqLe3cy mult i2lexed s y s t e m  us ing  coding and s u b j e c t  t o  

The r e s u l t s  a r e  p a r t i c u l a r l y  a p p l i c -  

broadbar;d 2adi:zc~. 

2k;atker Z h - D -  t h e s i s  ,oa bandl imited f s d i n g  d i s 3 e r s i v e  channels ,  
'I5) . it h a s  be ,PI fourrd b y  numerical  a n a l y s i s  ' e i s  i ~ a ~ ~ Z i > ~ ~ c j  corG2letion 

thz;z c - L  r a t e s  c l o s e  t o  che iri2"iite bandwidth c a p a c i t y ,  very l a r g e  
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bzacwid-chs are I-ec;uired t o  &,;s?roac - ~ k z  i n f i n i t e  bandwidth exponent,  

b u t  a s  t h e  r a t e  i s  cec r sased ,  -LLC Ja;---.,iLd'cl? zequired t o  a;,?roach t h e  . -  

i n f i r , i t e  j,ndwL<L*n e:.;-jonect is yc<.~ccL *- LU q ~ i i t e  zsasor;sSle values .  

I t  h a s  zlso beell f0c-d t h c t  the LZTOP: p r o b a b i l i t y  exponent i s  msximized 

b y  u s i n g  a 2 i n i c e  :arid o f t e n  very srn~r,) r.L;iiber of  ampli tuee l e v e l s .  

T h i s  i ~ ,  0 2  coiizso, u s e h l  i n  the iEs-krumontation of  coding t echn iques  
. f o r  such chancels .  

A t h i r d  Ph.D. t h e s i s  i iezr ing completion i s  on t h e  t o p i c  

of Coding Theorems f o r  Unsynchzonized XoLsy Channels (16). I t  h a s  been 

found ' c h l a t  at dzta r a t e s  c i o s e  ti; capacL-cy t h e  l a c k  o f  synchron iza t ion  

does no c e f z e c t  the e r r o r  2 ~ o 3 a b i f l t y  ex-3oneni;. For s u f f i c i e n t l y  

s y a i e t r i z  channcls  the exponent without synchroniza t ion  i s  equa l  t o  

che ex,=orreE-c. w i t h  synchr sn iza t ion  a t  zL1  rateso al though a t  l o w  r a t e s  

t h e  se t  of  code words used i n  G:?C fzzme ; x s t  depend on t h e  s e t  u s e d '  

i n  t h e  prev ious  frame . Some unsyzchronizec2 xiininurn d i s t a n c e  bounds 

a r e  e s t a b l i s h e d  for  binary codes which g e n e r a l i z e  e a r l i e r  work on 

comma f r e e  codes. 

Fir ia l ly  2 Sezera5, coding theoxern on  channeis  w i t h  memory 
( 1 7 )  h a s  been developed . 

5. Source C0Zili-i.c; with  a D i s t o r t i o n  Xeasure 

A number o f  r e s u i - c s  hzbe been e s t a b l i s h e d  concerning the 

 onshi ship - .- 2 of f ixed  ienq:li t o  v a r i a S l e  l e n g t h  source codes s u b j e c t  
I -  , -&; . to a d2 S:c0.^,-2 L L ~ ~ n  measure. The d i se i zc t lon  i s  impor tan t  where t h e  

dis t0zt ioi- i  raeasure  cakes on i c f l n i t e  va lues  . P h y s i c a l l y ,  an i n f i n i t e  

d i s t o z z i o n  i s  used i n  c a s e s  where oiic wants to l i m i t  bo th  average 

d i s t o z t i o n  and p a k  d i s t o r t i o n .  

t echniques  and the behavior  of q u a n t i z e r s  i n  source  coding. 

Other r e s u l t s  concern source  coding 

' I  



ii9) 
been, r a l s t e d  to ~urst-cozreczi.-.g coixvolutlonal codes . 

' I  
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